We experimentally investigate the room temperature ferromagnetism observed in insulating Co doped anatase TiO 2 thin films grown by sputter deposition. The Co was uniformly incorporated in the lattice as Co͑II͒ with no evidence of Co metal. A series of annealing treatments were carried out to optimize the ferromagnetic ordering and a saturation moment of 1.1 B /Co atom at 300 K was obtained with UHV annealing at 450°C. Both as-deposited and annealed films were highly insulating at room temperature. Results show that the ferromagnetism is strongly dependent on the number and distribution of oxygen vacancies in the Co:TiO 2 lattice. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1853311͔ Dilute magnetic semiconductor ͑DMS͒ materials have received the most attention as spin injector materials for spin-electronics, [1] [2] [3] [4] [5] [6] [7] or spintronics, because they allow for impedance matching to the semiconductor device, a requirement for efficient injection.
Dilute magnetic semiconductor ͑DMS͒ materials have received the most attention as spin injector materials for spin-electronics, [1] [2] [3] [4] [5] [6] [7] or spintronics, because they allow for impedance matching to the semiconductor device, a requirement for efficient injection. 8 With the discovery of room temperature ferromagnetism in Co doped anatase TiO 2 , 3 this compound has been one of the most prominent of the potential oxide DMS materials. 7, [9] [10] [11] [12] [13] [14] Some recent experiments have ruled out the presence of magnetic clusters and confirmed room temperature ferromagnetism 3, 7 in these materials. Moreover, ferromagnetism has been correlated with their conductivity, where n-type semiconducting properties and carrier concentrations of 10 18 -10 20 cm −3 were observed. 3, 11 However, unlike true DMS systems ͑Mn:GaAs, Mn:InAs, and Cr:ZnTe͒ 15 where the exchange interactions of the s,p free carriers and the d states of the transition metal dopant 16 mediate the ferromagnetic ordering 4 and the charge carriers have been proven to be spin polarized 17 at low temperatures, the mechanism for ferromagnetic ordering in Co:TiO 2 and other transition metal doped oxides is still unclear. 18 We present experimental evidence that intrinsic room temperature ferromagnetism in anatase Co:TiO 2 can coexist with the dielectric state and is dependent on the number and distribution of oxygen vacancies ͑V O 's͒ in the anatase lattice. We therefore classify Co:TiO 2 as a "dilute magnetic dielectric" rather than a DMS.
A series of anatase TiO 2 films doped with 2 at. % Co were grown by rf magnetron sputter deposition from a Co x Ti 1−x O 2 target. The base pressure of the deposition chamber was 5 ϫ 10 −7 Torr, and the films, ϳ85 nm thick, were grown in a pure Ar gas atmosphere at 4 ϫ 10 −3 Torr at a rate of 0.01 nm/s on LaAlO 3 ͑100͒ substrates. The substrate temperature, T sub , during deposition was 550°C. Films were then annealed by one of the following two methods: in UHV ͑at Ͻ10 −8 Torr͒ for 1 h at 450°C or in high vacuum ͑HV͒ ͑at Ͻ10 −5 Torr͒ for 1 h at 450°C. Structural, compositional, and magnetic measurements were made on films before and after annealing.
High angle x-ray diffraction ͑XRD͒ high resolution transmission electron microscopy ͑TEM͒ imaging, selected area diffraction patterns, and energy dispersive x-ray spectroscopy ͑EDXS͒ data taken using a focused electron probe at a number of locations throughout the specimens were used for structural and compositional analysis. A superconducting quantum interference device magnetometer was used to measure magnetization ͑M͒ versus applied magnetic field ͑H͒ both at 5 and 300 K and thermomagnetic remanence ͑TMR͒ from 5 to 365 K. Resistivity of the films was measured with an electrometer.
XRD scans of the as-deposited and annealed Co:TiO 2 films, inset ͑a͒ of Fig. 1 , reveal that all films are single phase ͑004͒ anatase grown on the closely lattice matched LAO substrate ͑Ϫ0.26%͒ with no evidence of secondary phases within the sensitivity of XRD. The change of the full width at half maximum ͑FWHM͒ from the as-deposited to the postannealed films of Ϫ0.20°, indicate an improvement in film quality for both UHV and HV annealed films. Figure 1 is a high resolution TEM image from a crosssection specimen of an UHV 450°C annealed Co:TiO 2 film, and inset 1͑b͒ is a low magnification image of the corresponding film region showing the anatase lattice. TEM selected area diffraction patterns of both as-deposited and UHV 450°C annealed films reveal single crystal ͑004͒ anatase phase epitaxially grown onto the LAO substrate. TEM EDXS data taken on both samples, one such region shown in Fig. 1 function of film depth is uniform with an average value of ϳ2 at. %. Near edge x-ray absorption fine structure ͑NEX-AFS͒ at the Co K edge for determining the oxidation state of the Co dopant ions clearly showed in both as-deposited and UHV 450°C annealed films that the Co substitutes for Ti͑IV͒ as Co͑II͒ in the anatase lattice. 20 There was also no evidence of Co metal throughout the films. The Co K-edge absorption spectrum is extremely sensitive to the presence of Co metal, where amounts as low as ϳ10% of the total Co would be detectable as Co metal, 13 and the measurement allows for the entire film depth and a 5 mm by 1 mm film area to be tested. If present, Co metal clusters Ͻ10 nm would exhibit superparamagnetic behavior, 21 and the TMR measurements below do not reveal this superparamagnetism. If ferromagnetic Co metal clusters ͑Ͼ10 nm͒ were present, a comparison of the measured moments of 1.1 B /Co atom with that of Co metal ͑1.7 B / atom͒ indicates that 65% of the total Co atoms in the film would need to be Co metal to obtain the measured saturation moments. Such a high percent of Co metal would be detectable in the NEXAFS Co K-edge absorption spectra. From the TEM, RBS, and NEXAFS results there is no evidence for the presence of Co metal or Co-rich anatase clusters͑above 7 at. % Co͒ as has been found under certain processing conditions. 22 The results from the magnetic measurements of the anneal study are shown in Fig. 2 . For the M-H loops shown, the diamagnetic signal from the substrate was subtracted from the data, while the TMR results were used as a direct measurement of the magnetic signal from the Co:TiO 2 film alone. 23 As seen from This anneal comparison reveals that the creation of additional oxygen vacancies ͑V O 's͒ by postgrowth UHV annealing will increase M S and M R . In addition, there is a minimum activation energy that must be reached to more significantly enhance the magnetization. This activation energy may be attributed to that required for the diffusion of V O 's through the anatase Co:TiO 2 lattice, and our results show this energy to be ϳ0.06 eV. 24 Despite the evidence of room temperature ferromagnetism for the samples, all the films are highly insulating and have sheet resistances ജ10 11 ⍀ / square. Thus resistivity is at least greater than 10 6 ⍀ cm for all samples. With the experimental evidence of no ferromagnetic impurity phases detected, we suggest that the room temperature ferromagnetism in the Co:TiO 2 films is intrinsic and can coexist with the dielectric state. Improved crystallinity of the films after annealing may be a factor for the enhanced ferromagnetism. However, similar improvements in crystalline quality are seen in the HV annealed films, but M S and M R are not as strongly enhanced with the HV anneal.
Our annealing comparison has revealed that the ferromagnetism of the anatase Co:TiO 2 system is strongly dependent on the creation and distribution of V O 's in the Co:TiO 2 lattice. A strong reducing environment ͑UHV͒ for the V O creation and an annealing temperature ϳ450°C for the diffusion of these V O 's through the anatase lattice are both required to reach measured moments of 1.1 B /Co atom at 300 K. The V O 's created during the annealing that are necessary for the enhanced ferromagnetic properties do not provide free carriers for conduction. Rather, we propose that the carriers associated with the creation of V O 's in our experiment are trapped on Co Ti defect sites. 25, 26 With sufficient thermal energy provided by the annealing treatment, both the V O migration and trapping are possible, leading to the enhancement of magnetic properties.
In conclusion, we show that the room temperature ferromagnetism in insulating Co-doped anatase TiO 2 is intrinsic in nature based on experimental results that have eliminated sources of "extrinsic" or impurity phase ferromagnetism. The annealing study has determined that the combination of oxygen vacancy ͑V O ͒ creation and diffusion of these V O 's through the anatase lattice are required to enhance the ferromagnetic properties of Co:TiO 2 . The V O 's necessary for ferromagnetic exchange do not provide free charge carriers for conduction because of the trapping on Co states.
